The simulation precision of the classic load model (CLM) is affected by the increasing proportion of installed energy storage capacity in the grid. This paper studies the all-vanadium redox flow battery (VRB) and proposes an equivalent model based on the measurement-based load modeling method, which can simulate the maximum output of the VRB energy storage system and fit the external characteristic of the system precisely in the occurrence of large disturbance and continuous small disturbance. The equivalent model is connected to CLM to form a generalized synthesis load model (GSLM), which considers the parameters of distribution network and reactive power compensation. Compared with CLM, GSLM has better structures and can describe the load characteristics of distribution network with energy storage system more precisely. Simulation results validate the effectiveness and good parameter stability of GSLM, and show that the higher the proportion of energy storage in the grid is the better description ability GSLM has.
Introduction
Renewable clean energy is an important part of smart grid and energy Internet, but it must be combined with energy storage system to meet the requirements of a safe, stabile and efficient large power system. From the perspective of load modeling, the type, composition, and charging and discharging depth of the load model will directly affect the results of the study. Under critical conditions, different load models will lead to complete different simulation and calculation results [1] [2] [3] [4] [5] [6] . Under this background, the load model used in the calculation of power system must include energy storage system. The commonly used load model in power system calculation includes induction motor and static load, and the static load is the combination of constant impedance, constant current and constant power loads. It is directly connected to the high voltage load bus and is called the classic load model (CLM) [7, 8] . In actual distribution systems, the load is usually connected to the medium and low voltage distribution buses, so CLM may amplify the effect of the motors, leading to errors in the load model. Therefore, developing better-structured load model is of great theoretical value and practical significance.
All-vanadium redox flow battery has attracted wide attention in industry for its noticeable advantages and has been used as energy storage system and operated with clean energy [9] [10] [11] [12] . The model of VRB has been studied in many publications. A two-dimensional electrochemical model of VRB is established in [13] , which considers the factors of chemical reaction kinetics and can accurately calculate the ion concentration and the dynamic distribution of potential with time and space. The model of VRB including fluid mechanics, electricity and electrochemical multiple physical fields is established in [14] . It uses Bernoulli equation, Nernst equation and some empirical equations to describe the relation between the battery parameters, and the numerical calculation model of the battery system is established from energy perspective. In [15, 16] , a fourth-order dynamic model of the energy storage battery is established and further improved. The model takes into account the nonlinear characteristics of the charging and discharging processes, which have a complex structure with many parameters. The AC impedance model of VRB is established and improved in [17] [18] [19] [20] , which contains the reaction resistance, ohm impedance, pump damage and additional loss.
Based on the above research, a distribution network simulation model with VRB energy storage system is established in this paper, and the characteristics of the system are obtained at the grid connection bus. From the external characteristics, a simplified equivalent model of VRB energy storage system based on the measurement-based load modeling method is established, which can simulate the maximum output of the VRB energy storage system and fit the external characteristics of the system precisely in the presence of large disturbance and continuous small disturbance.
In addition, the model has a simple structure and can be identified easily. The equivalent model is then connected to CLM to form a generalized synthesis load model (GSLM) which considers the parameters of distribution network and reactive power compensation. Compared with CLM, GSLM has better structure and can describe the load characteristics of distribution network with energy storage system more precisely. This paper is organized as follows. The model of VRB energy storage system is established in Section 2. In Section 3, an equivalent model of the system is proposed from the principle of external characteristic equivalent fitting. In Section 4, GSLM is established, its parameters are identified, and simulation studies are carried out. Finally, Section 5 draws the conclusion.
2 VRB model and simulation of grid connected system 2.1 VRB model VRB models are divided into electrochemical model and equivalent circuit model according to the principle of modeling. The mathematical equations of the former are complex requiring large amount of calculation, and the necessary micro parameters are difficult to obtain in modeling process. The latter model can directly reflect the external equivalent characteristics of the battery and the changes of various characteristic parameters in the process of charging and discharging are clear. An improved equivalent circuit model based on the assumption of loss [9] [10] [11] [18] [19] [20] is used in this paper, and the model structure is shown in Fig. 1 .
As shown in Fig. 1 , the controlled voltage source U s is the open circuit voltage of the battery and U b is the battery terminal voltage. R eac and R es represent the internal loss of the battery, which include the diaphragm solution impedance and the reaction power equivalent impedance. Many studies have proved that R eac represents 60% of the internal loss with 40% for R es [18] [19] [20] . R f represents the pumping loss and additional loss. C e represents the interelectrode capacitance, which simulates the transient state process of VRB, and the equivalent capacitance of a single battery is around 6F.
According to the Nernst equation of electrochemical reaction and ignoring the influence of hydrogen ion concentration, the open circuit voltage of a single battery can be described as:
In (1), U cell is the open circuit voltage of the battery cell, and its unit is V. C i (i = 2,3,4,5) represents the concentration of vanadium ion in each valence state, and its unit is mol·L − 1 . T is the absolute temperature with unit of K, and R represents the ideal gas constant and is given as 8.314 J·K − 1 ·mol − 1 . F represents the Faraday constant and equals to 96,500 C·mol − 1 . When the temperature is 298 K, the positive and negative electrode potential E 0 between the positive and negative electrodes of VRB is:
SOC represents the charge state of VRB and is given as:
where E s and E c are the remaining energy and rated capacity of the battery, respectively. The range of SOC is 0 to 1. When SOC = 0, the battery is empty, and when SOC = 1, the battery is full. SOC can be expressed as a ratio of ionic concentration when the concentration of positive ions equal to the negative. SOCs for the negative electrolyte and positive electrolyte are given as: 
When the positive and negative reactions are balanced, the hydrogen concentration is approximately a constant, i.e. SOC=SOC n = SOC p . Therefore, the VRB circuit voltage can be described as:
SOC changes with the battery charging and discharging as:
In the above equations, Δt represents the time step, SOC t + 1 and SOC t are the SOC states of the battery at t + 1 and t instants, respectively. ΔE is the total energy change of the battery and ΔSOC represents the change of the SOC at one time step.
Generally, the voltage of the VRB monomer is not high. In order to match the system voltage, multiple monomers are connected in series to form a stack. For a VRB stack with N cell numbers of VRB monomers, its open circuit voltage can be described as:
2.2 VRB energy storage system 2.2.1 Construction of VRB energy storage system
The VRB energy storage system contains a VRB, a converter, and a filter. As VRB outputs DC, a DC/AC converter is required for integrating to the power grid. In this paper, the VRB is connected to the power grid by a bidirectional DC/DC converter, a DC/AC converter and a LC filter. The bidirectional DC/DC converter adopts BoostBuck circuit with dual-loop control strategy including a voltage outer loop and current inner loop to achieve bidirectional fast energy flow [21, 22] . The DC/AC converter also adopts dual-loop decoupling control strategy with power outer loop and current inner loop [23] . The active power reference P ref is the difference between the output active power and the required active power of the grid, and the obtained error is fed to the PI regulator to generate the reference value of the d-axis current. The reference value of reactive power Q ref is set to 0 to ensure unit power factor. When the VRB charges, P ref < 0, and the control signal causes the DC/AC inverter to operate in rectifier state, and the DC/DC converter in the BUCK mode. When the VRB discharges, P ref > 0, the DC/AC converter operates in inverter state and the DC/DC converter in the BOOST mode.
The block diagram of the overall control diagram of the VRB energy storage system is shown in Fig. 2 . L 1 and R 1 are the filter inductance and resistance, respectively. 
Grid simulation
Based on the previous descriptions, Matlab/Simulink is used to construct the simulation system shown in Fig. 3 . The load characteristics of the VRB energy storage system can be obtained by measuring the data at the bus B3.
In Fig. 3 , the induction motor simulates the dynamic load, the resistance load in parallel with the inductance load simulate the static load, and the VRB energy storage system is connected to the distribution network through the DC/DC and DC/AC converters. L and R represent the network parameters.
Equivalent description of VRB energy storage system
Establishing an equivalent mathematical model describing the external characteristics of VRB energy storage system to meet the demand of power grid simulation is required to study the synthesis load model of distribution network including VRB. An appropriately simplified model is not only a guarantee for accurate power system simulation, but also an essence for reducing simulation difficulty [24] . In this paper, the equivalent model of the VRB energy storage system is established based on the principle of VRB external characteristic fitting.
Dynamic characteristics of VRB
In order to study the dynamic characteristics of the VRB energy storage system, the system established in the last section is connected to a power grid. A series of voltage disturbances are applied to test the system. In the process of VRB charging and discharging, three-phase short-circuit faults are applied at bus B1 (see Fig. 3 ) to cause voltage drops of 10% to 40%. The load data at B3 (active power, reactive power and bus voltage) are measured and the dynamic characteristics of the VRB energy storage system in transient process are obtained. Taking the 20% voltage drop as an example, the dynamic characteristic curve of the VRB energy storage system is shown in Fig. 4 .
In Fig. 4 , in the transient of bus voltage drop, the variation of the reactive power of the VRB energy storage system is very small, and its value is close to 0. Therefore, to simplify the model, the reactive power is fixed at zero in this paper. The active power P VRB is no longer a constant, and in a dynamic state, the static constant power load cannot describe its transient characteristics accurately, and it must be equivalent to the generalized dynamic load.
Equivalent description model of VRB
Previous analysis shows that it is necessary to establish a dynamic equivalent model to describe the transient characteristics of the VRB energy storage system accurately. According to Fig. 4 , the voltage disturbance of the power system can be regarded as superposition of step excitation signals, and the active power output of the VRB energy storage system is close to the step response of the first-order inertial system. Therefore, the step response of the first-order inertial system is used as the equivalent model of the VRB energy storage system after ignoring the reactive power output of the system as: 
In (10), P 0 represents the initial active power output of the VRB energy storage system and is set as the rated power P NVRB . The steady-state maximum output active power of the model is P NVRB , so this model can simulate the limit output of the VRB energy storage system accurately. u and U 0 represent the actual and initial values of the system voltage, respectively, and U 0 equals to the rated voltage U N . τ represents the inertial time constant of the system and K u is the voltage compensation factor.
This model uses the first-order transfer function of voltage to represent the real-time active power output of the VRB energy storage system. The model has limited parameters and the structure is simple, which make the model easy to realize in power simulation software.
Verification of equivalent model of VRB energy storage system
Voltage disturbances can be divided into large disturbance and continuous small disturbance according to the different degrees. When different voltage disturbances occur, the genetic algorithm [25, 26] can accurately and quickly identify the parameters of the model, and the output response of the model can then be obtained. The effectiveness of the equivalent VRB model is verified by comparing the output response with the load characteristics of the VRB energy storage system under same disturbances.
Large disturbance verification
The system shown in Fig. 3 is simulated and the three-phase short-circuit faults are applied at the bus B1 to cause bus voltage drops of 10%-40%. The effective value of the voltage at the bus B3 is the excitation of the model, where the active power curve is the target response curve. The six sets of data as the results of model parameter identification are shown in Table 1 .
Experiments on voltage drops of 20% and 40% of bus B1 are carried out in this paper, and the fitting curves are shown in Fig. 5 .
Continuous small disturbance verification
Similarly, a continuous small disturbance is applied at bus B1. The voltage fluctuations and the fitting curves are shown in Fig. 6 (a) and (b), respectively. The identification results are also shown in Table 1 . 
Result analysis
It is seen from Fig. 5 and Fig. 6 that the model response can be well fitted to the load characteristics of the VRB energy storage system in the transient process under both the large and small voltage disturbances. It shows that the equivalent VRB model proposed in this paper is a good approximation to the data samples and has strong self-description ability. The identification parameters and residuals in Table 1 also support this observation. The above analysis shows that the first-order transfer function model proposed in this paper can accurately describe the load characteristics of the VRB energy storage system. In Table 1 , E r is calculated according to (11) , and its size reflects the degree of the fitting effect. The smaller the E r is, the better the fitting effect has.
In (11), P s (k) is the actual response of the simulation system, N is the measured data length, and P 1 (k) represents the identification responses.
Generalization ability test of model
The model with the parameters identified under voltage drop of 20% at the bus B1 fits the response curves of the model obtained under bus voltage drop of 10% (interpolation capability validation) and 30% (extrapolating ability validation). The generalization ability of the model is verified by comparing the fitting degree of the corresponding model response to the simulation response. The curve of interpolation and extrapolation is shown in Fig. 7 , and the fitting residuals are shown in Table 2 . The results show that although the voltage excitation amplitudes of the fitting sample and the modeling sample are different, the model has good interpolation and generalization abilities.
It should be pointed out that load model parameter identification is a typical nonlinear mathematical problem, and no optimization algorithm can guarantee the uniqueness of the results. Therefore, it is inevitable that the identified model parameters have certain dispersion.
Structure and parameter identification of GSLM
CLM does not take into account the influence of distribution grid parameters. Many modeling practices have shown that induction motors have good ability to represent synthesis load, but the ability to describe the reactive power in the transient process after disturbances is poor. Therefore, a dynamic reactive power compensation device is proposed to connect in parallel with the static load [27] . Reference [28] points out that the structure of generalized load model including energy storage system needs to increase the size of the energy storage system on the virtual bus of the synthesis load model. Large numbers of energy storage system can be regarded as the dynamic load with negative power. A generalized synthesis load model with the VRB energy storage system is established in this paper, which takes into account the influence of distribution network parameters and reactive power compensation equipment.
The structure of GSLM
The structure of GSLM is shown in Fig. 8 , which takes into account the parameters of the distribution network R D + jX D , the compensation capacitor C and the VRB energy storage system. U and U L represent the actual and virtual load bus voltages, respectively, and the part between the actual and virtual buses is the equivalent impedance of the distribution network.
Assuming that the system frequency is at the rated frequency in normal operation, i.e., f 0 = 1pu, and in per-unit terms, X = L.
1) Distribution network parameters
Considering U=U∠0°, as shown in Fig. 8 , there are:
2) Compensation capacitor
Under the per-unit system:
Therefore, the capacity of the compensation capacitor is:
where X C0 represents the capacitive reactance in normal operation and can be obtained as:
If X C0 > 0, this part is a real reactive compensation equipment, otherwise, this part is a reactive load and can be incorporated into the static load.
3) ZIP
The static load is equivalent to a constant admittance (Y = G-jB, and if B > 0, Y is an inductive load):
4) Motor
The induction motor has the dynamic characteristics represented by the third-order dynamic differential equations under the synchronous coordinate system. This model is widely used so no further discussion is given here.
Unknown parameters of GSLM
In Fig. 8 , P M , Q M , P VRB , Q VRB , P S , Q S , and Q C represent the active and reactive powers of the induction motor, active and the reactive powers produced by the VRB, active and reactive powers of the static load, reactive power of the compensation capacitor, respectively. The arrows in Fig. 8 represent the reference power directions, and positive power means the direction of the actual power is the same as the reference direction, and vice versa. As can be seen from the previous section, GSLM has a total of 18 parameters, i.e., R D , X D , X M , R S , X S , R r , X r , T j , A m , B m , C m , G, B, X C0 , the ratio of the system reference power to the reference power of the induction motor K [13] , T and Ku of the equivalent model, and the proportion of the VRB energy storage system K VRB =P VRB /(P m + P S ).
According to [29] [30] [31] , some of the parameters in the model are difficult to identify and the identification results are discrete. The identification strategy used in this paper only identifies the values of the key parameters, whereas typical values are used for other parameters. Sensitivity analysis shows that among the motor parameters, only K, X S , R r , X m , and T j have relatively large sensitivity, and thus, typical values are used for other motor parameters.
For the distribution network parameters, the parameters of GSLM cannot be uniquely identified when R D and X D are unknown. However, when one of their values or the relation between them (X D /R D ) is known, the parameters of GSLM is uniquely identifiable [32] . According to the actual statistics, X D /R D = 15 is used in this paper. The compensation capacitor X C is calculated as previous described. If X C is not considered separately, the power factor of static load may become abnormal and the calculation results become unreasonable. In order to separate X C from the static load, additional condition is required. To ensure normal power factor for the static load, it is assumed that the power factor cosφ is known. As B/G = tanφ, the relationship between G and B is thus known and X C can be determined once G and B are obtained.
Thus, there are 10 key unknown parameters, i.e., X S , R r , X m , T j , K, G, X D , K VRB , T, and K u . Other parameters can take typical recommended values from China Electric Power Research Institute, as shown in Table 3 . 
Model verification
To verify the complete GSLM model, the voltage at the bus B1 shown in Fig. 3 is dropped by 10%, 15%, 20%, 30% and 40%, respectively, and the model is simulated dynamically under different load levels shown in Table 4 . The load data obtained at bus B1 is regarded as the measured sample data, and the parameters are identified by the improved genetic algorithm. The identification results are shown in Table 5 , where σ represents the standard deviations of the parameters and E R represents the fitting error of the dynamic curve. In Table 4 , P, P VRB , P M , and P S represent the capacities of the system, VRB energy storage system, dynamic load, and static load, respectively. The fitting effects of the model under the six load levels are described as follows.
Discharge STATE
(1) First load level: 0 < P VRB < P M . Under this condition, K VRB < 1 and the output power from VRB is insufficient to maintain the load power. The powers of the equivalent dynamic load and static load of the distribution network are supplied by the system, i.e., P > 0, and Q > 0. From Table 4 , the theoretical value of K VRB is 0.425. The fitting effect of the 20% voltage drop under this load level is shown in Fig. 9 . (2) Second load level: P M < P VEB < P M + P S . In this condition, K VRB < 1, and the output power from VRB fully meets the power absorbed by the induction motor alone, but not the power absorbed by both the induction motor and static load. The theoretical value of K VRB is 0.848 and the fitting effect of the 20% voltage drop under this load level is shown in Fig. 10 . (3) Third load level: P VRB > P M + P S . Under this condition, K VRB > 1, and the output power from VRB fully meets the power required for the total load, and thus the VRB can input a certain amount of active power to the system, i.e., P < 0. The theoretical value of K VRB is 1.274 and the fitting effect of the 20% voltage drop under this load level is shown in Fig. 11 . It can be seen from Figs. 9-14 that the GSLM proposed in this paper can effectively describe the external characteristics of the synthesis distribution network load with the VRB under different load levels and different working conditions, and in charging or discharging states. The errors in Table 5 also indicate that the fitting effect is good.
Charge STATE
The corresponding fitting effects of GSLM and CLM to the system simulation are also given in Figs. 9-14. Comparing the curves in the figures and the errors in Table 6 , the simulation results of GSLM proposed in this paper show much better performance than that of CLM. With the increase of VRB proportion in the distribution network, the errors of CLM increases, whereas for GSLM, the errors are always smaller.
Adaptability test of GSLM
(1) Description ability of the model. It can be seen from Figs. 9-14 that compared with the classic synthesis load model, the proposed model can better simulate the simulation data. The errors in Table 5 also show that the fitting residuals are very small for different load levels and voltage disturbances. Therefore, the model has good approximation effect on data samples and good description ability, which can meet the needs of engineering simulation. Table 7 . Figure 15 shows that although the amplitudes of the voltage disturbances vary significantly, the responses of the identification results to interpolation and extrapolation sample data are well fitted, as indicated by the residuals in Table 7 . The results show that the model has good generalization ability. (3) Stability analysis of the model parameters. As shown in Table V , except T and X C , the standard deviations of the parameters are relatively small indicating good parameters stability. The standard deviations of T and X C are big because their sensitivities are low. Therefore, the overall stability of the model parameters is high.
Conclusions
In this paper, the equivalent model, which is the step response of the first-order inertial system, is used to describe the external characteristics of the VRB energy storage system. The model can simulate the maximum output of the VRB energy storage system and fit the external characteristic of the system precisely in the presence of large disturbance and continuous small disturbance. In addition, the model has a simple structure and can be identified easily. On this basis, a generalized synthesis load model (GSLM) with the VRB energy storage system is established, and the distribution network parameters and reactive power compensation are considered. The load characteristics of the distribution network are identified. Simulation results of six typical examples show that GSLM can effectively describe the Availability of data and materials Data sharing not applicable to this article as no datasets were generated or analysed during the current study. 
